The circadian system generates endogenous rhythms of approximately 24 h, the synchronisation of which are vital for healthy bodily function. The timing of many physiological processes, including glucose metabolism, are coordinated by the circadian system, and circadian disruptions that desynchronise or misalign these rhythms can result in adverse health outcomes. In this review, we cover the role of the circadian system and its disruption in glucose metabolism in healthy individuals and individuals with type 2 diabetes mellitus. We begin by defining circadian rhythms and circadian disruption and then we provide an overview of circadian regulation of glucose metabolism. We next discuss the impact of circadian disruptions on glucose control and type 2 diabetes. Given the concurrent high prevalence of type 2 diabetes and circadian disruption, understanding the mechanisms underlying the impact of circadian disruption on glucose metabolism may aid in improving glycaemic control.
Introduction
Diabetes is pandemic, with 8.6% of American adults (21 million) in 2016 [1] living with type 2 diabetes mellitus and 8.4% of adults worldwide (451 million) in 2017 [2] living with type 1 or type 2 diabetes. The prevalence of type 1 and type 2 diabetes is projected to increase to 693 million adults worldwide by 2045 [2] . Type 2 diabetes makes up approximately 95% of all diabetes cases; this review covers type 2 diabetes only and refers to type 2 diabetes when the term 'diabetes' is used. The high and increasing prevalence of type 2 diabetes may be explained in part by lifestyle risk factors, such as physical inactivity, smoking and poor diet. In recent decades, an additional lifestyle risk factor has become common in modern society: circadian disruption. Notably, approximately 20% of individuals are involved in shift work [3] , 33% sleep no more than 6 h per night [4] and 69% experience social jet lag [5] . Accumulating epidemiological studies have demonstrated significant associations between circadian disruption-related lifestyles and an increased risk of type 2 diabetes (e.g. shift work has been associated with a 10-40% increased risk of diabetes) [6] . Given the possible links between circadian disruptions and diabetes, there is cause for investigating the role of the circadian system and circadian disruption in glucose control and type 2 diabetes risk. As such, this review provides an overview of the circadian regulation of glucose metabolism and the impact of circadian disruption on glucose control.
Electronic supplementary material The online version of this article (https://doi.org/10.1007/s00125-019-05059-6) contains a slideset of the figures for download, which is available to authorised users.
Defining circadian rhythms and circadian disruption
The circadian system evolved to generate daily rhythms in physiological functions and biological processes. These rhythms are synchronised to and, importantly, can anticipate the~24 h environmental cycles brought about by the Earth's rotation. Twentyfour-hour rhythms in physiology, as experienced in everyday life, result from a combination of the influence of circadian rhythms (endogenous~24 h rhythms that persist under constant conditions) and behavioural and environmental influences [7, 8] . The endogenous circadian rhythms are produced by a multi-oscillator system composed of the central clock, located in the hypothalamic suprachiasmatic nucleus (SCN), as well as peripheral clocks in virtually every organ, tissue and cell [8] . The molecular clock mechanism is comprised of feedback loops, with the main transcription-translation negative feedback loop involving core clock genes including CLOCK, BMAL1 (also known as ARNTL), PER and CRY [8] . The SCN is entrained primarily by light signals via the retinohypothalamic tract. Through neural, thermal and/or hormonal pathways, the SCN relays the timing signals to other brain areas and peripheral organs, such as the pineal gland, adrenal gland, liver, pancreas, muscle, adipose tissue and gastrointestinal tract (Fig. 1a ). In addition to influencing organ function rapidly through 'classical' neuroendocrine control [7] , the SCN can also influence organ function through synchronisation of the molecular clocks within these peripheral organs [8] . These molecular clocks subsequently can influence organ function through their impact on clockcontrolled genes. In addition to synchronisation by neuroendocrine signals from the SCN, peripheral clocks can also be shifted by non-photic stimuli, such as exercise [9] and feeding, with
Biological day The circadian phase during which endogenous circulating melatonin concentrations are low Chronobiology An area of biology concerned with biological events that cycle over time Circadian rhythm Term derived from the Latin phrase 'circa dies', meaning 'about a day'; endogenous biological rhythm with a period of ~24 h that is self-sustaining and that persists independent of environmental (i.e. light-dark, day-night) and behavioural (i.e. sleep-wake, fasting-feeding cycles) influences Constant routine Experimental protocol in which participants are kept in a semi-recumbent posture and given isoenergetic snacks at regular intervals during extended wakefulness in a time-free, dim-light environment; designed to remove 24 h cycling in all environmental and behavioural inputs, thus enabling measurement of circadian rhythms independent from those masking effects Diurnal or day-night rhythm A rhythm that is driven partly by an endogenous circadian rhythm and partly by environmental and behavioural rhythms, such as the sleep-wake, fasting-feeding and light-dark cycles; the external rhythms mask the endogenous rhythm, making it difficult to distinguish the contributions of each to the day-night rhythm Entrainment Synchronisation of one cyclical pattern to another cyclical pattern (e.g. synchronisation of the circadian system to the light-dark cycle)
Forced desynchrony Experimental protocol in which participants are studied in time-free conditions under dim light during a recurrent short or long sleep-wake cycle (e.g. 20 h or 28 h days, including fasting-feeding, rest-activity and postural cycles of the same period); disentangles the effect of the circadian system from the effects of behavioural and environmental changes and allows for measurements of biological processes in response to behavioural/environmental cycles across all circadian phases, including investigation of alignment/misalignment Jet lag Symptoms experienced due to transient misalignment of biological rhythms with the local light-dark cycle associated with rapid eastward or westward travel between time zones
Masking Obscuring of endogenous rhythm by behavioural or environmental conditions that induce acute effects on the measure of interest Misalignment The incorrect timing of a rhythm in relation to another rhythm Period Cycle length, or the time it takes to cycle from one circadian phase to the same phase again Phase Time within a cycle when an event occurs (e.g. minimum, maximum) Zeitgeber A German word meaning 'time-giver'; a time cue that can entrain rhythms Chronobiology terminology feeding being the strongest Zeitgeber (time cue) for many metabolic-related organs, such as the liver [7] .
Circadian misalignment can occur between the central clock and environmental (e.g. light-dark; 'environmental misalignment') or behavioural (e.g. feeding-fasting, wakesleep, activity-rest; 'behavioural misalignment') cycles (Fig. 1b) or between the central clock and peripheral clocks throughout the body ('internal misalignment'; Fig. 1c ) [10] . Circadian misalignment is common in modern industrialised societies: artificial light exposure coupled with work and social demands often lead to environments and behaviours mismatched in time with endogenous circadian rhythms. For example, it frequently occurs during shift work and jet lag ( Fig. 2) , where there is typically misalignment between the central circadian clock (that can be assessed by melatonin profiles under low light conditions), environmental rhythms (e.g. light-dark) and behavioural rhythms (e.g. meals).
Diurnal patterns of glucose metabolism in healthy individuals and those with type 2 diabetes
Diurnal rhythms are driven in part by endogenous rhythms and in part by environmental and behavioural rhythms. The external rhythms mask the endogenous rhythms, making it difficult to distinguish the contributions of each to the diurnal rhythm. Diurnal variation in glucose control is well established in healthy individuals. In the 1960s, glucose tolerance and insulin sensitivity were shown to be lower in the evening than in the morning [11] . Subsequent studies performed at the end of the 20th century confirmed this glucose tolerance pattern using oral glucose tolerance tests (OGTTs), identical meal tests, glucose infusions and enteral nutrition [12] . The evening decrease in glucose tolerance seems to be due to a decrease in both insulin sensitivity and beta cell function [12] . In individuals with type 2 diabetes, the hyperglycaemic clamp technique has revealed a daily rhythm in insulin sensitivity, with decreasing insulin sensitivity and increasing hepatic glucose production across the night, in anticipation to awakening in the morning [13] . Consequently, in contrast to stable blood glucose levels in normal-weight nondiabetic humans, people with type 2 diabetes exhibit a night-tomorning elevation of blood glucose across the sleep period [14] . In this well-known 'dawn phenomenon', there is an increase in blood glucose levels and decreased insulin sensitivity in the early morning fasted hours. An increase in endogenous glucose production overnight contributes to this fasting/morning hyperglycaemia seen in individuals with type 2 diabetes, which is not observed in individuals with normoglycaemia [15] . These diurnal patterns in glucose control prompted investigators to perform intensive in-laboratory studies to isolate endogenous circadian patterns of glucose control (i.e. those that are not driven by the sleep-wake, fasting-feeding or dark-light cycles, and instead by the circadian system). As described below, these studies have been performed primarily in healthy adults; studies in those with diabetes are needed, especially given the differences in diurnal rhythms of glycaemic control between individuals with and without diabetes.
Circadian patterns of glucose metabolism in healthy individuals
To determine whether the circadian system contributes to the diurnal rhythms of glucose metabolism discussed above, behavioural/environmental influences, such as from sleep, food intake and physical activity, must be controlled. Experimental in-laboratory protocols have been undertaken
Tests to assess glycaemic control
Hyperglycaemic clamp Plasma glucose concentration is raised above basal levels at a fixed concentration by adjustment of a variable constant glucose infusion; as the glucose concentration is held constant, the glucose infusion rate, as well as insulin levels, provide measures of insulin secretion and glucose metabolism Hyperinsulinaemic-euglycaemic clamp Plasma insulin concentration is raised and maintained by a continuous infusion of insulin while the plasma glucose concentration is held constant at euglycaemic levels by a variable glucose infusion; when steady state is achieved, the glucose infusion rate is equal to glucose uptake by all tissues in the body and is a measure of tissue insulin sensitivity
IVGTT Intravenous glucose tolerance test (IVGTT).
Glucose is injected i.v. and blood insulin and glucose levels are measured before and after the injection, often with high frequency (frequently sampled IVGTT [FSIGT]), at time points immediately following glucose injection to assess insulin secretion and insulin sensitivity Mixed meal tolerance test Blood samples are taken just before and after oral ingestion of a mixed meal that contains fats, protein and carbohydrates for the assessment of glucose, insulin and/or C-peptide concentrations to determine glucose tolerance and beta cell function
OGTT Oral glucose tolerance test (OGTT). Baseline blood sample is taken before oral ingestion of a liquid containing a certain amount of glucose (commonly 75 g) after which blood is sampled every 10-30 min for up to 3 h for the assessment of glucose tolerance to control for such influences, thereby allowing for assessment of endogenous circadian patterns of glucose metabolism.
One such protocol, designed to remove the influence of the sleep-wake cycle and the fasting-feeding cycle, has studied glucose control during extended wakefulness and constant glucose infusion. Under these conditions, healthy adults showed a peak in glucose and insulin levels during the time when habitual sleep would have occurred [16] , thus providing evidence for circadian influence on glucose metabolism. When such a protocol is conducted with participants in a dim-light environment free of time cues, semi-recumbent posture, during extended wakefulness, and with isoenergetic snacks at regular intervals (or other means of uniformly distributing nutrient intake), it is known as a 'constant routine' protocol. Constant routine protocols aim to remove 24 h cycling in all environmental and behavioural inputs to minimise their cyclic influence, thus enabling measurement of circadian rhythms independent from those masking effects. Consistent with results reported with the constant glucose infusion protocol, constant routine experiments show circadian rhythmicity of glucose levels with a peak in either circadian night or morning [17, 18] . In the 'aligned' condition, the circadian day is aligned with light exposure, wake, feeding and physical activity. In the 'misaligned' condition, the light exposure, wake, feeding and physical activity are shifted so that they are not aligned with the circadian day. This misalignment between the central clock and the environmental and behavioural rhythms is a type of circadian disruption, i.e. environmental/behavioural misalignment. (c) Alignment and misalignment between central and peripheral clocks. Timing of the central and peripheral clock rhythms are shown schematically as cosine waves across a 24 h period. In the aligned condition, the rhythms of the central and peripheral clocks are aligned. In the misaligned condition, the rhythms are dampened or flat and/or some rhythms are shifted such that not all are aligned. This misalignment between central and peripheral clocks is another form of circadian disruption, also called 'internal misalignment' or 'internal desynchrony'. Note that the phases of the cosine waves do not necessarily show the rhythmic expression of specific clock genes but illustrate the concept of alignment (when the timing of different clocks occur at an optimal phase relationship, i.e. the timing within each rhythm's cycle are in alignment with one another) vs misalignment (when these relationships are abnormal). GI, gastrointestinal; WAT, white adipose tissue. This figure is available as part of a downloadable slideset The aforementioned experimental protocols involve sleep deprivation, which is known to adversely impact glucose metabolism [19] . The 'forced desynchrony' protocol is an approach that limits sleep deprivation while still disentangling circadian rhythms from behavioural/ environmental cycles. In a forced desynchrony protocol, participants are studied in time-free conditions under dim light during a recurrent short or long sleep-wake cycle (e.g. 20 h or 28 h day; including fasting-feeding, restactivity and postural cycles with the same period). The circadian system cannot entrain to these very short/long days under dim light and, thus, expresses its endogenous period. The forced desynchrony protocol has the added advantage that behaviours including fasting-feeding and sleep-wake are uniformly distributed across all circadian phases. This enables the separate influences of circadian and behavioural factors to be studied, as well as their alignment and misalignment, the latter of which will be discussed in the following section on circadian disruptions. As in the two experimental approaches discussed above, glucose exhibits a circadian rhythm with peak in the circadian night during the forced desynchrony protocol [20] .
Another experimental approach to assess the influence of the circadian system and circadian misalignment uses a protocol that simulates a rapid and large shift of the behavioural and environmental cycles, such as commonly experienced in shift work. This study design has been used to investigate circadian and behavioural/environmental contributions to morning vs evening glucose tolerance. In a randomised crossover protocol with rapid 12 h shift, identical mixed meals were given in the circadian morning or evening when the behavioural/ environmental cycle was either aligned or misaligned to the central clock [21] . The results indicated that the circadian system made a larger contribution to the difference in glucose tolerance between morning and evening than the combined behavioural/environmental factors. Specifically, the circadian phase accounted for 17% higher postprandial glucose in the circadian evening vs morning, independent of effects from behavioural cycles. The early-phase postprandial insulin was also 27% lower in the circadian evening vs morning. Thus, this circadian influence on glucose tolerance is, at least in part, a result of stronger pancreatic beta cell response in the circadian morning [21, 22] . Taken together, data from these experimental protocols indicate that glucose metabolism in healthy individuals is under strong circadian control, with a key role for pancreatic beta cell function. Future experimental protocols are required to disentangle circadian contributions to the diurnal rhythms of glucose metabolism in individuals with type 2 diabetes. It is possible that differences in the daily rhythm of glucose metabolism between individuals with and without type 2 diabetes may be linked to circadian rhythm contributions given recent findings that the central biological clock in the human SCN is affected in individuals with type 2 diabetes; specifically, there are significantly decreased numbers of arginine vasopressin immunoreactive (AVP-ir) neurons, vasoactive intestinal polypeptide (VIP-ir) neurons and glial fibrillary acidic protein immunoreactive (GFAP-ir) astroglial cells in the SCN of individuals with type 2 diabetes as compared with healthy control individuals [23] . Endogenous circadian rhythms are illustrated by the endogenous clock and profiles of melatonin, varying by circadian day (when there is no circadian drive for melatonin production and melatonin levels are low) and circadian night (when there is circadian drive for melatonin production and melatonin levels are high when measured under dim-light conditions). The green curve represents endogenous melatonin levels across the wake and sleep episodes, with behavioural rhythms shown as the wake and sleep episodes and feeding patterns (meals; illustrated by the plate with knife and fork). In the modern lifestyle (a), there is relative alignment between the daylight, artificial light, circadian day, wake period and meal timing. However, note that the sleep episode and, therefore, the artificial light exposure and circadian phase are typically delayed relative to the solar night, because of the choice by most to remain awake many hours after sun set and often awakening after sunrise. The melatonin curve shows robust rhythm and is aligned to the environmental and behavioural rhythms. During night-shift work (b), the wake episode and meal ingestion typically occur during the circadian night, with artificial lighting during the wake episode. With this acute misalignment, there is a dampened melatonin rhythm. Jet lag (c) occurs in response to rapid shifts across time zones. While the sunlight and artificial light align with the wake period and meal ingestion in this scenario, they are inverted compared with the circadian day-night pattern and the melatonin profile is dampened due to both sunlight and artificial light exposure. This figure is available as part of a downloadable slideset
Impact of circadian disruption on glucose control in healthy individuals and those with type 2 diabetes
Epidemiological and genetic studies on effects of circadian disruption Epidemiological studies on lifestyles associated with misalignment between environmental, behavioural and/ or circadian cycles suggest that circadian disruptions contribute to type 2 diabetes risk. One prevalent form of circadian disruption is shift work, with over 20% of the US workforce engaged in night shift, rotating shift or other schedules besides regular day/evening shift [3] . A meta-analysis of observational studies indicates that individuals exposed to shift work have a 9% increased risk of diabetes compared with individuals with no shift-work experience [24] . According to a longitudinal study using the Nurses' Health cohorts, this risk is also positively associated with duration of exposure to shift work, with a 5% increase in risk for every 5 years of shift work [25] . Importantly, it has also been shown that workers on a rotating shift have even higher odds of diabetes than workers on a fixed night shift [6, 24] . As rotating shift work involves constantly switching between combinations of morning/day, evening and/or night shifts (possibly a more severe form of circadian disruption than fixed night work), these findings together suggest that circadian disruption increases risk of type 2 diabetes in a dose-dependent manner. Another prevalent circadian disruption is social jet lag, quantified as sleep and wake timing discrepancies between work and free days, as an estimate of misalignment between biological and social time [26] . It has been reported that people with social jet lag of greater than 1 h (approximately 69% of the population [5] ) have 1.75 times the prevalence of diabetes (defined as fasting plasma glucose levels >6.5 mmol/l and HbA 1c levels >6.5% or >48 mmol/mol) or prediabetes (defined as fasting plasma glucose levels >6.1 mmol/l and HbA 1c levels >6.0% or >44 mmol/mol) compared with people with less than 1 h of social jet lag [27] . The degree of social jet lag is partially dependent on a person's chronotype (a person's 'morning' or 'evening' preference), which has been correlated with body temperature rhythm [28] . Later chronotypes, as compared with earlier chronotypes, have an odds ratio of about 2-2.5 for diabetes independent of sleep duration [29, 30] .
In addition to their role in predisposing people to diabetes, lifestyle factors associated with circadian disruption also associate with impaired health in individuals with diabetes. Diabetic individuals working night shifts present with higher HbA 1c levels than those not working night shifts, irrespective of rotating or non-rotating shifts and after adjusting for age, BMI, insulin use, sleep duration, morning/evening preference and percentage daily carbohydrate intake [31] . One form of behavioural misalignment that is of particular interest for individuals with diabetes is the mistiming of eating (Fig. 1) [32] . For example, it has been shown recently in a randomised, crossover study that late dinner timing, concurrent with elevated night-time melatonin concentrations, impairs glucose tolerance [33] . A causal role for melatonin is suggested by the observation that the significant impairment of glucose tolerance with delayed dinner is only observed in the gain-of-function variant of the MTNR1B gene [33] , which has been associated with increased risk for diabetes [34, 35] . This conclusion is further supported by placebo-controlled studies showing that exogenous melatonin administration both in the morning and in the evening impairs glucose tolerance [36] and that this effect is six times larger in MTNR1B risk carriers than in non-carriers [37] . For a discussion on the role of melatonin and MTNR1B in glucose control, see [38] . Mistiming of food intake may be a particular concern in the diabetic population, in which those who night-eat (consume >25% of their daily energy intake after regular dinnertime) report less compliance with glucose monitoring, higher HbA 1c levels and greater number of diabetes complications [39, 40] . Late circadian meal timing may impair glucose tolerance due to a number of reasons: (1) eating at an adverse circadian phase; (2) eating concurrent with elevated melatonin concentrations; and/or (3) late meal timing causing internal misalignment (although this is primarily a working hypothesis). According to this last hypothesis, food mistiming can uncouple peripheral clocks in metabolic tissues from the central clock, causing internal misalignment [41] . However, to date, there is no direct evidence that internal desynchrony per se adversely affects glucose control [42] , suggesting that the first two mechanisms may be most important.
It should be noted that shift workers and people with social jet lag, late chronotype and genetic risk often have characteristics related to circadian disruption that may predispose them to higher risk of type 2 diabetes. Insufficient sleep or poor sleep quality, for instance, are often a by-product of the circadian misalignment experienced by shift workers and are known to adversely impact glucose metabolism [43, 44] . Physical inactivity and higher rates of obesity are also commonly associated with these lifestyles. Thus, sleep, activity, and other lifestyle factors correlated with circadian disruption may contribute to the increased risk of diabetes seen in the aforementioned epidemiological studies, making it difficult to isolate the impacts of circadian disruption in these studies [45] .
Human experimental studies on the effects circadian disruption As mentioned, it is difficult to disentangle the impact of circadian disruption from the impact of other factors in reallife scenarios like shift work and social jet lag. Additionally, although these associations suggest that circadian disruptions adversely impact glucose metabolism, a causal effect cannot be demonstrated. Human experimental work has been conducted to tease out independent effects of circadian disruptions and possible causal relationships.
In a forced desynchrony protocol with a 28 h day, participants displayed a 6% increase in glucose during the circadian misalignment portion (when they ate/slept 12 h out of phase from habitual schedules) in spite of a 22% increase in insulin across the whole sleep-wake cycle; the effects were driven by the postprandial phases, demonstrating reduced glucose tolerance potentially due to reduced insulin sensitivity (Fig. 3b ) [20] . Since shift work is often accompanied by sleep restriction, another forced desynchrony protocol examined the impact of circadian misalignment combined with sleep restriction. Following a forced desynchrony protocol with a 28 h day in which sleep was restricted to 6.5 h per sleep episode (equivalent to 5.6 h per 24 h day), fasting and postprandial glucose were increased by 8% and 14%, respectively, while fasting and postprandial insulin decreased by 12% and 27%, respectively, suggesting decreased beta cell function [46] . An elegant experimental design has also separated the effects of circadian misalignment from effects of sleep restriction. When sleep was restricted to 5 h, participants sleeping mostly during the day (circadian misalignment) had 47% greater reduction in insulin sensitivity compared with 34% reduction in insulin sensitivity of participants sleeping during the night [47] .
To see how this may apply in shift work, one study used a highly-controlled simulated night-shift protocol with identical test meals and found that postprandial glucose was 6% higher (with 14% higher late-phase postprandial insulin) during circadian misalignment (12 h inverted behavioural/environmental cycles) compared with alignment ( Fig. 3c) [21] . To determine whether these findings persist in the shift-work population, a randomised, crossover laboratory study gave healthy chronic night-shift workers identical test meals under conditions of simulated night-shift work (with circadian misalignment of 12 h inverted behavioural/environmental (a) In-laboratory experimental conditions designed to test the effect on glucose tolerance of circadian misalignment using a test meal at breakfast time (i.e. first meal of the scheduled wake episode). Note that the original protocols also had a test meal at dinner time (i.e. last meal of the scheduled wake episode). We focused here on the effect during breakfast, after an extended fast, only, to reflect the typical morning timing of glycaemic tests performed clinically. In the alignment condition, the breakfast test meal was consumed in the circadian morning, while in the misalignment condition, the breakfast test meal was consumed in the circadian evening. Thus, the effects shown here reflect the combined effect of misalignment and circadian evening vs alignment and circadian morning. In the alignment condition, room light and wake occur during the circadian day, when melatonin is low. A breakfast test meal (blue arrow) is given during the wake period to assess glucose tolerance during alignment. In the misalignment condition, room light and wake occur during the circadian night, when circadian drive for melatonin production is high. A test meal (orange arrow) is given during the wake period to assess glucose tolerance during misalignment. (b, c) Glucose tolerance is impaired in misaligned vs aligned conditions during in-laboratory experimental protocols of both gradual and rapid misalignment. In a forced desynchrony protocol (b), in which misalignment is gradual (see text for more details), breakfast postprandial glucose and late-phase postprandial insulin (timing of meal indicated by black bar) were higher in the misaligned (orange closed circles) vs aligned (blue open circles) condition (n = 10; mean ± SEM; p < 0.001 and p < 0.06, respectively, with statistical significance for effect of misalignment). In a simulated shiftwork protocol (c), in which misalignment occurred rapidly (see text for more details), breakfast postprandial glucose and insulin were both higher in the misaligned (orange closed circles) vs aligned (blue open circles) condition (n = 14; mean ± SEM; p = 0.013 and p = 0.001, respectively). In both experimental protocols, the results indicated that the combination of circadian misalignment and circadian evening impaired glucose tolerance, in part via reduced insulin sensitivity and in part via reduced beta cell function, as compared with circadian alignment in the circadian morning. Data in (b, c) adapted from [20] and [21] under the terms of the Creative Commons Attribution 4.0 International License (http:// creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium. This figure is available as part of a downloadable slideset cycles) and simulated day-shift work (with circadian alignment). Under circadian misalignment, postprandial glucose was 6% higher and postprandial late-phase insulin was 10% higher compared with circadian alignment conditions [48] . In a field study of shift workers in Antarctica, mixed meals resulted in higher postprandial glucose, insulin and triacylglycerol levels during night shift compared with dayshift [49] . These findings indicate that real-world shift work has a similar impact on glycaemic outcomes when compared with laboratory-simulated shift-work protocols. Furthermore, together these experimental findings corroborate those from epidemiological studies on shift work and provide causal evidence for the contribution of circadian misalignment to adverse glycaemic outcomes.
Insight into potential glucoregulatory mechanisms leading to impaired glycaemic outcomes from circadian disruption has also been gleaned from experimental induction of circadian misalignment using rapid shift and forced desynchrony protocols ( Fig. 3a) . In a 12 h rapid shift protocol with euglycaemichyperinsulinaemic clamp technique [50] , circadian This figure is available as part of a downloadable slideset misalignment and testing during the biological evening compared with circadian alignment and testing during the biological morning was shown to decrease muscle insulin sensitivity and non-oxidative glucose disposal. Biopsies of muscle also indicated that the molecular circadian clock did not rapidly synchronise and align to the shift. A subsequent publication using the oral minimal model further separated effects of circadian misalignment from effects of circadian phase and environmental/behavioural factors on glucose control. The reduction of glucose tolerance in the circadian evening compared with circadian morning was primarily due to beta cell responsivity, while the impaired glucose tolerance under circadian misalignment was mainly due to decreased insulin sensitivity [22] . All together, these experimental studies provide substantial evidence that circadian misalignment contributes to impaired glucose metabolism primarily through effects on muscle insulin sensitivity in healthy, young populations as well as in chronic shift workers. In addition, the endogenous circadian phase has a robust effect on glucose control, with relatively impaired glucose tolerance in the circadian evening, primarily due to a decrease in beta cell function.
Implications
Taken together, these human epidemiological, genetic and experimental studies support the contribution of the circadian system to glucose metabolism (for a summary, see Table 1 ). Experimental evidence indicates that circadian disruption impairs beta cell function and insulin sensitivity, resulting in impaired glucose tolerance ( Fig. 4) . Circadian disruptions acutely impact glycaemic control and thereby may increase the risk for impaired glucose tolerance and the transition to diabetes. Healthy individuals as well as those with type 2 diabetes may support glycaemic control by appropriately aligning the endogenous, behavioural (e.g. sleepwake, meals) and environmental (e.g. light exposure) rhythms. There is burgeoning evidence, for instance, that time-restricted feeding may have a beneficial effect on metabolic health and glucose control [51, 52] . However, long-term randomised controlled trials investigating the impact of aligning endogenous and environmental rhythms on glycaemic control in individuals with type 2 diabetes are lacking. Moreover, research is needed to determine counter-measures to improve glycaemic control for healthy individuals and those with type 2 diabetes who are exposed to misalignment and circadian disruption.
Concluding remarks
Here, we have compiled evidence that glucose metabolism is regulated by the circadian system and that circadian disruptions adversely impact glycaemic control. Improved understanding of mechanisms by which circadian disruption affects the development and progression of impaired insulin secretion and impaired insulin sensitivity will potentially contribute to improving glycaemic control and managing type 2 diabetes.
Funding ICM was supported in part by National Institutes of Health (NIH) grants R01 HL140574 and T32 HL7901-20 and American Heart Association grant 19POST34380188. JQ was supported in part by American Diabetes Association grant no. 1-17-PDF-103 and NIH grant R01 DK102696. GKA was supported in part by NIH grant K24 HL103845. FAJLS was supported in part by NIH grants R01 DK099512, R01 HL118601, R01 DK102696, R01 DK105072 and R01 HL140574.
Duality of interest FAJLS received lecture fees from Bayer HealthCare, Sentara HealthCare, Philips, Vanda Pharmaceuticals and Pfizer Pharmaceuticals. All other authors declare that there is no duality of interest associated with their contribution to this manuscript.
Contribution statement All authors drafted and revised the manuscript critically for important intellectual content and prepared the figures and table. All authors approved the version to be published. 
Future directions

